Conspectus: Nitroxyl (HNO) is a biological signaling agent that displays distinctive reactivity compared to nitric oxide (NO). As a consequence, these two reactive nitrogen species trigger different physiological responses. Selective detection of HNO over NO has been a challenge for chemists, and several fluorogenic molecular probes have been recently developed with that goal in mind. Common constructs take advantage of the HNO-induced reduction of Cu(II) to Cu(I).
(blue/green emission), boron dipyrromethane (BODIPY, green emission), benzoresorufin (red emission), and dihydroxanthenes (near-infrared emission). Many of these sensors have been successfully applied to detect HNO production in live cells. For example, copper-based optical probes have been used to detect HNO production in live mammalian cells that have been treated with H 2 S and various nitrosating agents. These studies have established a link between HSNO, the smallest S-nitrosothiol, and HNO. In addition, a near-infrared HNO sensor has been used to perform multicolor/multianalyte microscopy, revealing that exogenously applied HNO elevates the concentration of intracellular mobile zinc. This mobilization of zinc ions is presumably a consequence of nitrosation of cysteine residues in zinc-chelating proteins such as metallothionein.
Future challenges for the optical imaging of HNO include devising probes that can detect HNO reversibly, especially because ratiometric imaging can only report equilibrium concentrations when the sensing event is reversible. Another important aspect that needs to be addressed is the creation of probes that can sense HNO in specific subcellular locations. These tools would be useful to identify the organelles in which HNO is produced in mammalian cells and probe the intracellular signaling networks in which this reactive nitrogen species is involved. In addition, near-infrared emitting probes might be applied to detect HNO in thicker specimens, such as acute tissue slices and even live animals, enabling the investigation of the roles of HNO in physiological or pathological conditions in multicellular systems. different from those of NO. 1 Detecting HNO in biological systems is a challenge that has caught the attention of chemists. Difficulties associated with HNO sensing include differentiation from NO and other biologically relevant analytes, rapid detection of low concentrations, and compatibility of the sensing mechanism with biological environments, in particular, neutral or slightly acidic pH, high ionic strength, and a temperature of 37 ºC. An efficient strategy for detecting HNO is to take advantage of its redox activity. 2 Probes that can be reduced selectively by HNO serve as sensors if an appropriate output signal is linked to the reduction step. Although there are other chemical reactions that can be used to detect and trap HNO, 3 we focus here on systems that juxtapose a Cu(II) coordination complex with a fluorophoric moiety. The sensing mechanism of such probes relies on the ability of the unpaired electron in a d orbital of the Cu(II) center to quench the fluorescence of a photoemissive ligand by either electron or energy transfer (Scheme 1). Reduction of Cu(II) to Cu(I) by HNO fills the d manifold, restoring the fluorescence of the ligand. Scheme 1. General mechanism of HNO sensing using copper complexes. a a The Cu(II) complex is paramagnetic and electron transfer (ET) from the photoexcited state of the fluorophore to the metal center quenches the fluorescence of the probe (OFF state). Selective reduction of Cu(II) to Cu(I) by HNO abolishes ET, restoring the emission of the fluorophore (ON state).
An early example of this kind of probe is a conjugated metallopolymer doped with Cu(II). 4 The polymer comprises bithiophene, phenylene, and dipyridine units that are functionalized with hydrophilic side chains to enhance its water solubility. 4 This polymer absorbs light at λ abs = 446 nm and emits at λ em = 485 nm in aqueous buffer (50 mM HEPES, 100 mM KCl, pH 7.4).
Addition of CuSO 4 induces a 10-fold decrease in fluorescence, consistent with binding of paramagnetic Cu(II) ions. Whereas treatment of the metallopolymer with NO does not significantly increase the fluorescence of the complex, addition of Angeli's salt (Na 2 N 2 O 3 ), an HNO donor, 5 results in a modest, 2.1-fold fluorescence turn-on. Although the polymer has not been applied in a biological study, it exemplifies the Cu(II)/Cu(I) reduction approach to HNO sensing.
Fluorescent Sensors Based on Copper Complexes of Triazolyl(dipicolyl)amine Ligands
In 2010 Rosenthal and Lippard reported a small-molecule fluorescent sensor for HNO. 6 The probe, termed CuBOT1, is a boron dipyrromethane (BODIPY) fluorophore linked to a tripodal Cu(II) complex. The Cu(II) binding unit is connected to BODIPY via copper-catalyzed azidealkyne Huisgen cycloaddition (Scheme 2). 7, 8 Yao and co-workers subsequently utilized this efficient strategy to synthesize a similar probe based on a coumarin dye, called CuCOT1, 9 which has properties that are similar to those of CuBOT1 (Scheme 2). In both cases, the probes have a triazole linkage that participates in metal binding and keeps the fluorophore in close proximity to the paramagnetic ion. Ligand COT1 displays photophysical properties that are also suitable for live-cell optical microscopy. 9 In the metal-free state, COT1 displays an absorption maximum at λ abs = 400 nm (8.1 x 10 4 M -1 cm -1 ) and emits at λ em = 499 nm (φ = 0.63). Chelation of Cu(II), which occurs with a K d = 1.2 µM, decreases the fluorescence of COT1 by 24-fold. It is not entirely clear why CuCOT1 displays a larger turn-on compared to CuBOT1, but one possible reason is that ligand COT1 emits light with a greater quantum yield (φ = 0.63) in the metal-free state compared to BOT1 (φ = 0.12).
Both CuBOT1 and CuCOT1 seem to detect HNO based on the same mechanism. The reaction between these Cu(II) complexes and HNO resembles the reversible interconversion of HNO and NO mediated by the enzyme superoxide dismutase 1 (SOD1). 12 Gas chromatography coupled to mass spectrometry (GC-MS) confirmed that NO evolves as a gas from the reaction between CuBOT1 and Angeli's salt, which strongly suggests that HNO reacts with the Cu(II) center to generate NO and Cu(I). 6 This mechanism is further supported by electron paramagnetic resonance (EPR) studies of both CuBOT1 and CuCOT1, which reveal that the signal of the Cu(II) complex is abolished upon reaction with Angeli's salt under anaerobic conditions, confirming reduction to the diamagnetic ion Cu(I). 6, 9 The selectivity of CuBOT1 and CuCOT1 toward HNO is similar. Both probes detect HNO selectively over NO and S-nitrosothiols such as S-nitroso cysteine (SNOC). 6, 9 Other reactive nitrogen species such as NO 3 -, NO 2 -, and ONO 2 also do not interfere with HNO detection, and the probes are impervious to the biological oxidizing agents H 2 O 2 and ClO -. The selectivity of CuBOT1 for HNO over NO and other reactive nitrogen species can be explained based on its reduction potential. In phosphate-buffered saline (PBS) at pH 7.4, CuBOT1 has a reduction potential of +0.16 V (vs NHE). 11 Under equivalent conditions, the oxidation potential of HNO is -0.11 V (vs NHE) 13 and therefore the reduction of Cu(II) to Cu(I) in BOT1 is thermodynamically favored. In contrast, oxidation of NO to give the nitrosonium cation NO + occurs at 1.52 V (vs NHE) 14 and therefore NO is not able to reduce CuBOT1.
A limitation of both CuBOT1 and CuCOT1 is that reducing agents of biological origin such as cysteine and ascorbic acid can induce fluorescence turn-on. 6, 9 In the case of CuBOT1, cysteine restores the fluorescence of ligand BOT1 owing to reduction of Cu(II). Similar results were obtained when CuCOT1 was treated with either cysteine or ascorbic acid. Overcoming the sensitivity of copper-based probes toward thiols is challenging because they are often better reducing agents than HNO.
The creation of better fluorescent sensors can be guided by mechanistic investigations of known probes. The reaction between HNO and CuBOT1 has been studied computationally. 15 The An important conclusion that can be drawn from this mechanistic study is that, by increasing the basicity of the triazolyl fragment, it might be possible to enhance the rate of PCET. Amine-based ligands that are more basic than triazole might therefore provide sensors that are faster and more sensitive, and perhaps such a structural modification will help establish a kinetic preference for the oxidation of HNO over other biological reducing agents.
Biological Applications of CuBOT1
CuBOT1 was the first fluorescent probe to be successfully applied for detection of HNO in live cells. 6 The compound readily permeates the plasma membrane of mammalian cells, and incubation of live HeLa cells with 1 µM of the probe for 1 h at 37 ºC was sufficient to load the molecule to the intracellular space. 6 Treatment of these cells with 150 mM Angeli's salt led to an increase in intracellular fluorescence over the course of 5 min ( Figure 2 ). As observed in cuvettes, treatment of the cells with NO donors did not increase the fluorescence significantly over the same period of time. The subcellular distribution of CuBOT1 was investigated in live HeLa cells. 11 In three separate sets of experiments, live cells were co-incubated with CuBOT1 and commercial fluorescent markers for mitochondria, endoplasmic reticulum (ER), or the Golgi apparatus. The colocalization of CuBOT1 with these organelle markers was evaluated by calculating a Pearson's correlation coefficient (R P ) 16 of the green signal of CuBOT1 and the red or blue signal of the marker. Whereas CuBOT1 did not seem to accumulate significantly in mitochondria (R P = 0.12;
R P = 1: perfect correlation, R P = 0: no correlation, and R P = -1: anticorrelation), 16 the probe showed moderate correlation with markers in the ER (R P = 0.51) and Golgi (R P = 0.62). 11 These experiments demonstrate that CuBOT1 does not exclusively target a cellular organelle.
Although the direct observation of endogenously produced HNO in mammalian cells has remained elusive, CuBOT1 was able to demonstrate the generation of HNO in live cells that have been treated with specific reagents. An example is the synthesis of HNO from HSNO, the smallest nitrosothiol. 17 This species is a putative precursor of HNO in biological systems and can be produced under physiologically relevant conditions by transnitrosation of S-nitrosothiols and H 2 S. 17 In the presence of excess H 2 S, HSNO can react further to produce HNO and H 2 S 2 . HSNO may therefore play a role in biological systems as a membrane-permeable carrier of NO + or NO -. 17 CuBOT1 was also used to investigate the generation of HNO from the S-nitrosothiol GSNO and H 2 S. 17 Human umbilical vein endothelial cells (HUVECs) were incubated with 10 µM CuBOT1 for 20 min followed by treatment with NO donors did not lead to any enhancement of fluorescence. Incubation of the cells with H 2 S only increased the fluorescence of CuBOT1 slightly. In contrast, when cells loaded with CuBOT1 were treated for 20 min with GSNO and then H 2 S, strong fluorescence turn-on was observed. This result indicates either that HNO is being produced or that HSNO also induces fluorescence turn-on of CuBOT1.
In related work, Ivanović-Burmazović and co-workers showed that sodium nitroprusside (Na 2 [Fe(CN) 5 (NO)]; SNP) reacts in live cells to produce HNO. 18 In this study, the authors employed CuBOT1-loaded HUVECs to show that treatment of these cells with either SNP or H 2 S alone did not elicit a significant fluorescence turn-on. When the cells were incubated with CuBOT1 followed by a mixture of SNP and H 2 S, however, intracellular fluorescence indicative of reduced CuBOT1 was observed, suggesting that HNO was produced.
Filipovic and co-workers investigated the production of HNO from nitrite in HUVECs upon treatment with H 2 S. 19 CuBOT1 is relatively insensitive to both nitrite and H 2 S in live cells, which makes it suitable for studying the hypothesis that H 2 S is a reducing agent that can facilitate the conversion of nitrite into HNO catalyzed by heme iron centers. 20 The authors loaded CuBOT1 into HUVECs and treated them with both nitrite and H 2 S, which led to fluorescence turn-on of CuBOT1. 19 Treating the cells separately with either nitrite or H 2 S induced no enhancement of fluorescence. This study suggests that H 2 S-mediated reduction of nitrite is a viable biosynthetic pathway to HNO.
Recent work led by the Filipovic group also used CuBOT1 to investigate signaling pathways of HNO. 21 The sensor was employed to detect the presence of intracellular HNO in neurons that were treated with Angeli's salt. A major conclusion of this work, which included many other experiments, is that HNO activates calcium influx in sensory neurons by forming disulfide bonds in the transient receptor potential channel A1 (TRPA1). 22 Activation of TRPA1 by HNO leads to release of calcitonin gene-related peptide (CGRP), which is an established biomarker of HNO signaling. 23
Benzoresorufin-based Copper Complexes for Detection of HNO and NO
CuBOT1 has been useful for cell microscopy studies of HNO but its relatively short emission wavelength (λ em = 526 nm) is a limitation for imaging thicker specimens such as acute tissue or live animals. 24 Probes that emit at longer wavelengths are also useful for multicolor imaging experiments, in which two or more analytes can be monitored simultaneously. 25 low oscillator strength (f = 0.0003), suggesting that protonation of the electron donating oxygen atom is responsible for the low extinction coefficients observed experimentally. 27 In contrast, the picolylamine chelating unit of BRNO3 does not undergo LLCT and the pK a of the benzoresorufin fluorophore is 5.9, which is consistent with a higher experimental extinction The reactivity of CuBRNOs with NO presumably obeys a reaction mechanism similar to that of NO probes of the CuFL 28 and CuSNFL 29 families, in which the aminoquinoline ligand is nitrosated upon reaction of the copper complex with NO. 30 Although the CuBRNO probes are not completely selective, the fluorescent turn-on response of CuBRNO1 to HNO is significantly larger than for NO, and therefore this sensor might be useful for some cell imaging applications.
CuBRNO1 and CuBRNO3 have been used to detect exogenously applied HNO in cultured cells.
Live HeLa cells were incubated with 2.5 mM CuBRNO1 and addition of 1 mM Angeli's salt induced a ~4-fold emission enhancement. 27 Addition of GSNO to either HeLa or RAW 264.7 cells loaded with CuBRNO1 gave essentially no turn-on, suggesting that, in cell studies, CuBRNO1 has good selectivity for HNO compared to NO. CuBRNO3 also responded to exogenously applied HNO in both HeLa (Figure 3 
Imaging HNO in the Near-Infrared (NIR)
The most recent member of the family of Cu-based HNO fluorogenic sensors is the NIRemitting probe CuDHX1. 31 This complex consists of a cyclam binding site for copper and a dihydroxanthene (DHX) fluorophore. Cyclam is a tetradentate chelating ligand that binds copper, and the reactions between copper cyclam complexes and thiols are slow (t 1/2 >10 min for H 2 S; t 1/2 >1 h for glutathione). 32 The DHX fluorophore was recently introduced by Lin and co-workers 33 and is available in a single synthetic step from carbocyanine dyes and resorcinol derivatives. nm with a quantum yield of φ = 0.048. In the Cu-bound form, the absorption remains essentially identical to that of the free ligand, but the quantum yield decreases to φ = 0.0027, demonstrating that the paramagnetic Cu(II) ion quenches the fluorescence of the DHX fluorophore efficiently.
Scheme 3. Synthesis of NIR ligand DHX1.
Sensor CuDHX1 is significantly more selective than CuBOT1. No fluorescence enhancement was observed upon treatment of a solution of CuDHX1 with a large excess (100 equiv) of ascorbic acid, cysteine, or glutathione. 31 Only small and slow (t 1/2 ~5 min) reduction of CuDHX1 was observed when treated with excess Na 2 S in buffered aqueous solution. Under the same conditions, Angeli's salt elicited a fast (t 1/2 ~1 min) fluorescence turn-on (5-fold).
CuDHX1 has been used to image exogenously applied HNO. The sensor was readily taken up by live cells, and incubation times of only 15 min sufficed to load the probe to the intracellular space. In live HeLa cells, CuDHX1 showed only faint fluorescence in the NIR channel. induced a significant turn-on response, 31 demonstrating that the presence of H 2 S does not interfere with HNO sensing employing CuDHX1.
NIR probes can be used in combination with those that emit in the visible to perform experiments in which more than one analyte is detected at the same time. 25, 26 The excitation and emission profiles of CuDHX1 do not overlap with those of blue and green fluorescent sensors and this probe is therefore suitable for multicolor/multianalyte experiments. Taking advantage of these properties, CuDHX1 was used to investigate the interplay between exogenously applied HNO and loosely chelated, or mobile, zinc.
The concentration of mobile zinc in the cytoplasm is regulated by metallothioneins, a group of small, cysteine rich proteins that bind heavy metals and play a role in detoxification and redox potential regulation within cells. 34 Post-translational modifications of cysteine, such as oxidation (disulfide bond formation) and nitrosation, lead to the dissociation of the chelated zinc 35, 36 and potentially to an increase in the concentration of such cations in the cell. NO cannot nitrosate zinc thiolates directly, 37 but HNO reacts with thiols to form sulfinamides. 2 Therefore, a possible downstream effect of exogenously applied HNO is mobilization of zinc from metallothionein or other cysteine-rich, zinc-binding macromolecular stores. By using CuDHX1 and ZP1, a zincselective, green-fluorescent probe, 38 this hypothesis was tested in live HeLa cells (Figure 4 ). 31 The two fluorescent sensors, CuDHX1 and ZP1, were loaded into the cells and imaged in the green and NIR channels. HeLa cells normally have cytosolic concentrations of mobile zinc in the picomolar range, 39 below the detection limit of ZP1 38 and, before stimulation, only slight background fluorescence was detected in the green channel ( Figure 4C ). Addition of Angeli's salt led to fluorescence turn-on both in the NIR and green channels, revealing that the intracellular concentrations of both HNO and mobile zinc had increased ( Figures 4E and 4F) . NIR channel images of the cells before any treatment; E) green channel and F) NIR channel images after treatment with 1.5 mM Angeli's salt; G) green channel and H) NIR channel images after addition of 50 mM TPEN. Scale bar = 10 mm.
Conclusions and Perspectives
HNO is a short-lived, reactive species that presumably exists in biology only transiently and in small concentrations. Its detection in complex biological samples is therefore challenging. A solution to this problem came from inorganic chemistry, through the creation of copper complexes that become fluorescent upon reaction with HNO. Difficulties associated with creating probes that are fast, selective, sensitive, and biocompatible have been overcome, and a series of fluorescent sensors that span the visible and NIR range of emission wavelengths is now available. 6, 27, 31 Some of these probes, notably CuBOT1 and CuDHX1, have been used to investigate the generation of HNO in mammalian cells 17, 19 and to explore possible intracellular targets of exogenously applied HNO. 21, 31 Despite the value of the probes described here, more advanced sensors are still needed to investigate details of the biochemistry of HNO. Devising probes that can detect HNO reversibly is particularly challenging but also important for quantitative studies, especially because ratiometric imaging can only report equilibrium concentrations when the sensing event is reversible. Reversibility may be achieved by using fluorogenic metal complexes with reduction potentials tuned to bind HNO without oxidizing it to NO. With reversible sensors in hands, ratiometric imaging employing a second fluorophore could be realized.
Investigation of the intracellular sources and targets of HNO would benefit from the preparation of sensors that can target discrete subcellular locales. Strategies to label particular cellular organelles include genetically encoded fusion protein tags, [40] [41] [42] synthetic peptides, [43] [44] [45] [46] and smallmolecule vectors [47] [48] [49] to deliver HNO sensors to programmed locations within the cell.
The availability of NIR-emitting sensors for HNO opens the possibility of multicolor/multianalyte microscopic studies. In addition, these probes might be applied to detect HNO in thicker specimens, such as acute tissue slices and even live animals, potentially leading to the establishment of links between HNO and physiological or pathological conditions in whole organisms.
